Introduction
The lateral hypothalamus (LH) plays a role in descending nociceptive modulation. Support for this claim comes from observations that antinociception occurs in the LH after microinjection of morphine (Fuchs and Melzack, 1995; Dafny et al., 1996; Franco and Prado, 1996) or glutamate (Behbehani et al., 1988) , and following electrical stimulation in the cat (Carstens et al., 1983) and male rats (Dafny et al., 1996; Aimone and Gebhart, 1987) . Additionally, stimulating the LH with the cholinergic agonist carbamyolcholine (carbachol) increases response latencies on the tail flick and foot withdrawal tests in female rats (Holden and Naleway 2001; Holden et al. 2002) . However, the exact mechanism by which LH stimulation produces antinociception is not known.
Findings from previous studies are suggestive that serotonin plays a role in antinociception from LH stimulation. For example, electrical stimulation of the LH inhibits heat evoked responses in dorsal horn neurons, and this inhibition was blocked by systemic administration of the 5-HT antagonist methysergide blocks LH-induced antinociception (Carstens et al., 1983) . Intrathecal administration of methysergide following electrical stimulation of the LH decreases response latencies on the tail flick and foot withdrawal tests in male rats (Aimone and Gebhart 1987) . Stimulation of the LH with carbachol produces antinociception that is partially blocked by intrathecal 5-HT 1A , 5-HT 1B and 5-HT 3 receptor antagonists in an acute thermal model in female rats (Holden et al. 2005) . Although there is a small, but direct projection from the LH to the spinal cord (Hosoya, 1980) , spinally descending serotonergic cells in the LH have not been identified (Bowker et al., 1981) , indicating that LH stimulation activates intermediary nuclei that contain serotonin.
The most likely nuclei candidates for LH-mediated serotonin input to the spinal cord are found in the rostral ventromedial medulla (RVM; the nucleus raphe magnus and the nucleus reticularis gigantocellularis pars alpha), an area known to provide most of the serotonin to the spinal cord dorsal horn and to produce antinociception when activated (Dahlstrom A and Fuxe, 1965; Satoh et al., 1980; Bowker et al., 1981; Rivot et al., 1982; Jensen and Yaksh, 1984; Hammond et al., 1985; Ruda et al., 1986; Heinricher et al., 1999; Gilbert and Franklin, 2001; Hurley et al., 2003; Buhler et al., 2004) . Inactivating the RVM by lidocaine microinjection or ibotenic acid lesion significantly increases the electrical stimulation levels needed in the LH to achieve antinociception in male rats . However, electrical stimulation can activate fibers of passage as well as neurons in the area of stimulation, so this finding, while suggestive does not rule out involvement from areas other than the LH. Nor has this intermediary connection been established in female rats. Anatomically, there is evidence of an efferent connection from the LH to the RVM that is mainly ipsilateral (Berk and Finkelstein, 1982; Saper et al., 1979; Hosoya, 1980) . Part of this connection may consist of substance Pimmunoreactive (SP-ir) neurons, based on the observation that the LH contains SP-ir neuron profiles and the RVM contains SP-ir axonal fibers (Ljungdahl, et. al‥, 1978) , but the connection has not been shown directly. Lastly, NK1 receptors that bind SP are found in the RVM (Makeham et al., 2005) .
The objective of the present experiments was to determine whether the RVM is involved in LH-mediated antinociception in female rats. We used both anatomical and behavioral techniques to address the research question. We used retrograde tract tracing using FluoroGold combined with double label immunocytochemistry to determine whether neurons in the LH immunoreactive for SP project to the RVM. We also used the tail flick and foot withdrawal tests to measure responses to an acute thermal stimulus. We chose both tests because previous work has shown differences between tail and foot withdrawal latencies (Fang and Proudfit, 1996; Fang and Proudfit, 1998) . Three sets of behavioral experiments addressed the research question. In the first set, carbachol 125 nmol in 0.5 µl normal saline, a dose previously determined to provide optimum antinociception in a lightly anesthetized acute preparation (Holden and Naleway, 2001; Holden et al., 2005) , or normal saline for control was microinjected into the LH, and nociceptive responses were measured. Carbachol is a nonselective cholinergic receptor agonist that resists the actions of cholinesterase and produces activation of neurons at a number of intracerebral sites (Klamt and Prado, 1991) . The LH contains both muscarinic and nicotinic receptors (Rainbow et al, 1984; Cortes et al., 1986; Oki et al., 2005) , and we have shown that the actions of carbachol are mediated by cholinergic receptor activity in the LH (Holden et al., 2005) . In the second set of experiments, we obtained carbachol-induced antinociception, then microinjected cobalt chloride a non-selective calcium channel blocker that blocks synaptic activity in the area of injection, L-703,606 a specific NK1 receptor antagonist, or normal saline for control into the RVM. In the third set of experiments, we microinjected cobalt chloride, L-703,606, or saline into the RVM without LH activation. Preliminary findings have been published as an abstract (Pizzi and Holden 2003) .
Results
The location of SP-ir neuron profiles that project to the RVM Retrograde transport of FluoroGold was used to identify the locations of neurons in the tuberal hypothalamus that project to the RVM. In six rats, the FluoroGold deposits included the nucleus raphe magnus and the nucleus reticularis gigantocellularis pars alpha in an area between the genu of the 7 th nerve rostrally and the inferior olivary complex caudally (Fig. 1) . None of the six injections was directly on the midline, but the core of the injection included both the raphe magnus and the reticularis gigantocellularis pars alpha. Analysis of these six cases showed that FluoroGold-containing neurons were located throughout the rostral-caudal extent of the tuberal hypothalamus, but were more concentrated in the LH, with labeling also in the posterior hypothalamus, the dorsomedial nucleus, and the dorsal hypothalamic area, located between the mammillothalamic tract and the third ventricle (Fig. 2) . Relatively few neurons labeled in the anterior hypothalamic area. The pattern of labeling was bilateral, but the greatest concentration of FluoroGold labeled neuron profiles was found ipsilateral to the injection site.
An abundance of SP-ir terminals was seen throughout the area of the tuberal hypothalamus, while substance P-ir neuron profiles were found scattered through the rostrocaudal extent of the LH, the posterior hypothalamic area, the zona incerta and subincertal nucleus, and the dorsomedial and ventromedial hypothalamic nuclei. Most of the neuron profiles were between 20-30 µm in diameter. The intensity of SP-ir labeling varied from rat to rat, most likely due to technical differences and the effectiveness of the colchicine injection in reaching the neurons of interest. Preliminary studies indicated that, while labeling of terminals was seen without colchicine, no somatic labeling was observed in the absence of colchicine injection. No SP-ir labeling was seen in sections from the two control rats. Figure 3 shows that some of the neuron profiles labeled with FluoroGold were also labeled with SP-ir.
Carbachol microinjection injection in the LH
Of the 53 rats used in the three behavioral experiments, 11 were excluded because cannula placement occurred outside of the identifiable boundaries of the LH, RVM, or both. The first set of experiments demonstrated the time course for carbachol-induced antinociception. Fig.  4A is a schematic of microinjection sites and response latencies. Microinjection within the LH produced moderate to robust increases in response latencies. Injections in which the microinjector tip was ventral to the LH produced shorter response latencies. One microinjector placement in the amygdala also produced relatively short response latencies. To assure that nociceptive responses occurred only from LH stimulation, data were analyzed solely from experiments in which the injection site was located within the LH.
Microinjection of carbachol into the LH at sites similar to those shown in Fig. 4A produced moderate antinociception on both the tail flick test beginning at 1 min post injection and peaking at 5-10 min after microinjection, although the effect remained fairly stable for 30 min (F = 187.63 (1, 10) , p <0.001; Fig. 5A ). There was a significant interaction effect (p < 0.001), indicating that the effect of carbachol depended on the time the foot withdrawal measurement was taken. Compared to saline controls, rats receiving carbachol had significantly longer tail flick latencies (4.02 ± 0.09 vs. 2.2 ± 0.09 sec, resp.; p < 0.05).
Carbachol microinjection also significantly increased foot withdrawal latencies (F = 134.14 (1,10) , p < 0.001; Fig. 5B ). As with the tail, the effect of carbachol depended on time (p = 0.03). Rats with carbachol microinjection took significantly longer to withdraw their paws from the heat stimulus as compared to control rats (3.75 ± 0.09 vs. 2.21 ± 0.09 sec, resp.; p < 0.05). This set of experiments established the time course for LH-induced antinociception under conditions similar to those for subsequent experiments.
Blockade of LH-induced antinociception by cobalt chloride microinjection in the RVM
In the first of the second set of experiments, following a baseline measurement, carbachol was microinjected into the LH, and antinociception was established as shown by three withdrawal latency measurements (Fig. 6A, B) . Cobalt chloride was then microinjected into the RVM at sites similar to those identified in Fig. 4B . Cobalt chloride injected into areas dorsal to the RVM or into the fiber tracts of the pyramids produced relatively longer response latencies. Microinjection of cobalt chloride in the RVM reduced tail flick response latencies to baseline levels, effectively abolishing LH-induced antinociception as compared to saline microinjection into the RVM (Two way repeated measures ANOVA, F = 23.1 (2, 12) , p < 0.001). In contrast, physiological saline microinjected near the RVM had no effect on LH-induced antinociception (2.43 ± 0.19 sec vs. 4.00 ± 0.19 sec, cobalt chloride vs. saline, resp.; p < 0.05; Fig. 3A ). There was a significant interaction effect (p = 0.002), indicating that the effect of carbachol was dependent on time. Fig. 6B shows the effect that microinjecting cobalt chloride had on foot withdrawal latencies. As with the tail flick latency, two way repeated measures ANOVA demonstrated a significant main effect (F = 35.09 (2, 12) , p < 0.001, with a significant interaction effect (p < 0.001).
Carbachol-induced antinociception was significantly reduced compared to saline controls following cobalt chloride administration (2.16 ± 0.12 vs. 3.43 ± 0.12 sec, resp.; p < 0.05).
Reversal of LH-induced antinociception by microinjection of the NK1 receptor antagonist L-703,606 in the RVM
A separate group of rats was used to determine whether blocking NK1 receptors in the RVM could reduce LH-induced antinociception, thereby providing evidence that substance P neurons play a role in this antinociceptive effect. As described in the previous section, carbachol was microinjected into the LH and three withdrawal latencies were measured. L-703,606 was then microinjected into the RVMin sites identified in Fig. 4B , and 5 min later, withdrawal latencies were again measured. As shown in Fig. 6A , the antinociceptive effect of carbachol administration in the LH was significantly decreased on the tail flick test within 5 min after microinjection (2.46 ± 0.19 vs. 4.00 ± 0.19 sec, L-703,606 vs. saline, resp.; p < 0.05). Two way repeated measures ANOVA, F = 23.1 (2, 12) , p < 0.001) showed a main effect as well as an interaction effect (p = 0.002). In contrast, physiological saline had no effect on antinociception. Fig. 6B shows the effect of microinjecting L-703,606 into the RVM on foot withdrawal latencies following carbachol-induced LH stimulation. A main effect was seen (F = 35.09 (2, 12) , p < 0.001), with a significant interaction effect (p < 0.001). Withdrawal latencies were significantly reduced after L-703,606 microinjection compared to saline controls (2.15 ± 0.12 vs. 3.43 ± 0.12 sec, resp.; p < 0.05). Response latencies on both the tail flick and foot withdrawal tests following L-703,606 were similar to those seen following microinjection of cobalt chloride.
Microinjection of cobalt chloride or L-703,606 in the RVM without LH-induced antinociception
In the third set of experiments, cobalt chloride, L-703,606, or normal saline was microinjected into the RVM in the absence of LH-induced antinociception. Neither cobalt chloride nor L-703,606 produced significant changes in nociception compared to saline for either tail flick or foot withdrawal latencies (p > 0.05). This set of experiments demonstrated three things: that the connections between the LH and RVM were not tonically active; that the results of the experiments in which microinjection was made in the RVM were not due to the presence of a volume of liquid in the area; and that L-703,606 has no agonist properties.
Discussion
The data from the present study provide evidence to support the hypothesis that LH-induced antinociception is mediated in part by neurons in the LH that activate spinally projecting serotonergic neurons, either through direct synaptic contact or through activation of other neurons that activate spinally projecting serotonergic neurons in the RVM.
Our finding of SP-ir in the tuberal hypothalamic area is in line with the work of Ljungdahl, et. al. 1978 , but was in no way meant to be a comprehensive study. Ljungdahl and colleagues (1978) indicated that colchicine injections at different locations in the ventricles were needed to fully identify the extent of SP-ir neurons through the hypothalamus. We gave a single injection of colchicine in the ventricle at approximately the same distance from bregma that we gave microinjections of carbachol. Our purpose was to determine whether neurons with SP-ir that project to the RVM were in located in the same area as our carbachol microinjections. Nor does our study provide conclusive evidence that carbachol is acting on these RVM projecting SP-ir neuron profiles. We could find no existing evidence in the literature that demonstrates the presence of cholinergic receptors co-localized with SP-ir neurons in the LH or elsewhere. However, our anatomical findings provide evidence of a possible anatomical substrate for our behavioral studies.
Because stimulating the LH produces antinociception that is partially blocked by systemic (Carstens et al., 1983) or intrathecal serotonin receptor subtype antagonists (Holden et al., 2005) , and blockade of RVM function decreases LH-induced antinociception , it is reasonable to suggest that LH-induced antinociception occurs in part from connections with the RVM when coupled with our anatomical findings. Findings of the present study alone, in which the most complete blockade of LH-induced antinociception from cobalt chloride occurred from microinjections where the cannula tip was in the RVM, are inconclusive. However, when added to existing evidence, these results support the proposal that the LH forms a connection with spinally projecting RVM neurons, and extends the findings of Carstens et al, (1983) and to include female rats and to include chemical activation of the LH, a method that is different from electrical stimulation.
In the present study, LH-induced antinociception was blocked by administration of cobalt chloride in a dose shown to block synaptic activity in the area of microinjection (Kretz, 1984; Nuseir et al., 1999; Holden et al., 2002) . This finding is suggestive that unidentified LH neurons send axons to the RVM and activate serotonergic neurons that then alter nociceptive responses in the spinal cord dorsal horn. An important finding of the present study is that L-703,606 blocked LH-induced antinociception. The antagonist L-703,606 demonstrates an affinity specifically for NK1 receptors (Watling, 2001) , and blockade of LH-induced antinociception by L-703,606 provides evidence to support the hypothesis that carbacholstimulated substance P neurons in the LH project to the RVM and activate NK1 receptors. These receptors may then activate spinally projecting serotonergic neurons that inhibit incoming nociceptive responses in the dorsal horn.
However, recent reports are suggestive that NK1 receptors do not co-localize with serotonincontaining cell bodies or dendrites in the RVM in some rodent species. Specifically, colocalization of NK1 receptors on serotonin-containing neurons occurs in the central linear nucleus and the dorsal raphe nucleus, but not in the RVM, of male OFA rats (Leger et al., 2002) . Such co-localization has also been reported in the dorsal raphe of male SV129 mice and male Sprague-Dawley rats (Lacoste et al., 2006) , but the RVM was not included in this latter study. It is not clear whether NK1 receptors co-localized with serotonin-immunoreactive neurons in the RVM of Sprague-Dawley rats, the type used in the present study, nor have female rodents been used in the reported immunohistochemical studies.
An alternative hypothesis to a direct synaptic projection from substance P-containing neurons in the LH to serotonergic RVM neurons is that LH neurons innervate interneurons in the RVM that then activate serotonergic neurons. Support for this hypothesis comes from studies that identify neurons in the RVM that both activate and inhibit nociception in the dorsal horn Heinricher et al., 2001; Heinricher et al., 1999) . For example, neurons have been identified in the RVM that are immunoreactive for glutamate decarboxylase and inhibit nociception (Winkler et al., 2006) . Substance P axons from LH neurons could act at NK1 receptors on excitatory interneurons that in turn activate serotonin-containing neurons to produce antinociception in the dorsal horn. Blockade of NK1 receptors would then produce effects similar to those seen in Experiment 2 of the present study (Fig. 6) . Furthermore, SP-ir neurons are located in the RVM (Menetrey and Basbaum 1987) , and a connection between either SP-ir or unidentified neurons from the LH and these SP neurons is within the realm of possibility.
A second alternative hypothesis to a direct substance P connection from the LH to the RVM is that the LH projects to the periaqueductal gray PAG (Pelosi et al., 2006; Pajolla et al., 2005; Behbehani et al., 1988) , which sends a major projection to, and activates, the RVM (Javanmardi et al., 2005 Behbehani and Fields, 1979) . Part of that projection is from SP-ir neurons (Zeng et al., 1991; Beitz, 1982) . It is possible that an LH-to-PAG-to-RVM connection could be responsible for the findings of the present experiments. Further anatomical studies would shed more light on the precise circuitry involved in the behavioral outcomes found in the present study.
In the present study, we did not observe qualitative differences between the tail flick and foot withdrawal latencies in any of the three experiments, nor did we observe any significant left/ right foot differences. Although the projection from the LH to the RVM is mainly ipsilateral (Berk and Finkelstein, 1982; Saper et al., 1979; Hosoya, 1980) , and we observed a heavier innervation of labeled neurons on the side ipsilateral to the FluoroGold injection site, descending serotonergic input to the dorsal horn is widely distributed. The lack of significant left/right foot differences in the present study corresponds with the bilateral effect seen in other studies from our laboratory following unilateral LH stimulation (Holden and Naleway, 2001; Holden et al., 2005) . Small quantitative left and right paw differences following unilateral microinjection of galanin in the tuberal LH have been observed, but the overall effect in both paws was antinociceptive (Sun et al., 2004) . We also reported small but statistically significant differences in left and right foot withdrawal latencies following LH stimulation (Holden et al., 2002) , but the differences likely were due to technical issues rather than a real behavioral effect. The existing evidence supports the conclusion that unilateral LH stimulation produces a bilateral effect on foot withdrawal responses in the acute thermal pain model. Recent work has shown that stimulating the LH produces hypotension in awake rats (Pajolla et al., 2005 ). We did not monitor blood pressure during our studies, and do not know whether carbachol microinjection lowered the blood pressure in our lightly anesthetized rats, although it is possible. A number of studies identify hypotension as a side effect of antinociceptive agents. For example, systemic administration of a brain-penetrating neurotensin analog in rhesus monkeys (Fantegrossi et al., 2005) and morphine administration in rats (Mahinda et al., 2004) produce hypotension as well as antinociception. The question at issue for the present study is whether hypotension, if it did occur, could produce the results we attribute to cobalt chloride or L-703,606. Rats that received carbachol microinjection in the LH and saline in the RVM did not have a decrease in withdrawal latencies on either the tail flick or foot withdrawal tests, compared to rats receiving cobalt chloride or L-703,606, so it is unlikely that our findings can be attributed to changes in blood pressure.
In summary, the results of the present study may be combined with the results from other studies to provide converging anatomical and functional evidence in support of the hypothesis that the LH mediates antinociception in part through either a direct SP connection with serotonin neurons or with excitatory interneurons that activate serotonin neurons in the RVM based on the following: 1) Electrical stimulation of the LH or microinjection of carbachol in the LH produce antinociception mediated by spinally projecting serotonergic neurons (Carstens et al., 1983; Aimone and Gebhart, 1987; Holden et al., 2005) .
2) The RVM provides most of the serotonin found in the spinal cord dorsal horn (Dahlstrom A and Fuxe, 1965; Satoh et al., 1980; Bowker et al., 1981; Jensen and Yaksh, 1984; Hammond et al., 1985; Ruda et al., 1986; Heinricher et al., 1999; Gilbert and Franklin, 2001; Hurley et al., 2003; Buhler et al., 2004) . 3) An efferent connection from the LH to the RVM exists (Berk and Finkelstein, 1982; Saper et al., 1979; Hosoya, 1980) and we identified neuron profiles immunoreactive for SP that project to the RVM (Fig. 3) . 4) NK1 receptors that bind SP are found in the RVM (Makeham et al., 2005) , but whether these receptors co-localize with serotonin containing neurons is inconclusive. 5) Glutamate neurons that inhibit nociceptive responses exist in the RVM (Winkler et al., 2006) , as do SP-ir neurons (Menetrey and Basbaum, 1987) . 6) Antinociception produced by LH stimulation is blocked by microinjection of either cobalt chloride or the NK1 receptor antagonist L-703,606 (Fig. 6 ) in the RVM.
Taken together, these lines of converging evidence support the hypothesis that activation of the LH produces antinociception through either a direct or a multisynaptic SP connection with spinally projecting serotonin neurons in the RVM. The full role of the LH in descending nociceptive modulation remains to be determined, but this converging evidence is suggestive that activation of the LH produces a cascade of events that alters nociceptive responses in a variety of ways. It is possible that therapeutics aimed at activating the LH could ultimately produce improved clinical pain management via existing nociceptive modulatory pathways.
Experimental Procedures
The Institutional Animal Care Committee at the University of Illinois at Chicago approved the experimental protocols used in this study. The experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals NIH Publications No. 90-23, revised 1978. All efforts were made to minimize animal suffering, reduce the numbers of animals used, and use alternatives to in vivo experiments.
Animals
Female Sprague-Dawley rats 250-350 g Charles River, Portage, MI were used in this study because our previous work was done in females. All rats were housed in cages that allowed free access to food and water, and rats were maintained on a 12-hour day/night schedule. Twenty rats were used for the anatomical study. For the behavioral study, rats were randomly assigned to groups, and no two rats were taken from the same cage on the same day to reduce the possibility of estrous cycle influence. A total of fifty-three rats were used for the behavioral study as reported, and each rat was used only once. Tail flick and foot withdrawal latencies were measured on each animal.
Retrograde tracing experiments
This experiment used the retrograde tracer FluoroGold and immunocytochemical methods to determine the locations of SP-ir neuron profiles in the LH that project to the RVM in the brainstem.
Tracer iontophoresis-Each of 20 rats was deeply anesthetized with sodium pentobarbital (50 mg/kg, i.p) and surgically prepared using aseptic technique. A glass micropipette with a tip diameter of 25-30 µm was filled with 2% FluoroGold (Fluorochrome, Inc., Englewood, CO) solution and lowered into the RVM through a burr hole to a point defined by the following stereotaxic coordinates: 1.5 mm from bregma, lateral +1.7 mm, vertical +1.5 mm, incisor bar set at −2.5 mm, with the angle of the pipette adjusted 10° to bypass the venous sinus. FluoroGold was iontophorectically deposited using 15 µA positive current pulses that were 500 ms in duration and delivered at a rate of 0.5 Hz for 10 min. The pipette was kept in place for an additional 60 s before removal. Two weeks later, each rat was anesthetized with pentobarbital and 125 µg of colchicine (Sigma Aldrich Chemical Co., St. Louis, MO) in 25 µl of normal saline was injected into the left lateral ventricle. Approximately 24 h later, rats were anesthetized with pentobarbital and the brains fixed by perfusion through the aorta with the following solutions: 100 ml of normal saline followed by 200 ml of cold 4% paraformaldehyde in 0.1 M phosphate buffered saline (PB; pH 7.4), and 100 ml of 10% sucrose in 0.1 M PB.
Tissue processing-The brains were removed, postfixed for 1 h in 4% phosphate-buffered paraformaldehyde, and stored in a solution of 20% sucrose in 0.1 M PB for three to four days. Forty-micrometer transverse sections were cut on a cryostat microtome and alternating sections were placed in cold phosphate-buffered saline (PBS) for 10 min and processed as free-floating sections. Three ten-min washes in PBS were done between each step unless otherwise noted. With the exception of the primary antisera, all steps were done at room temperature with gentle agitation. To increase membrane permeability and decrease non-specific staining, sections were washed in two 5-min washes in 0.1 M PB that contained 0.3% Triton X-100 and 3% normal goat serum. The sections through the LH were incubated for eight days at 4°C in a solution that contained primary antisera directed against SP (rabbit anti SP; Chemicon International, Inc., Temecula, CA) diluted 1:50,000 in PBS containing 0.5% Triton X-100. Following washes with PBS, SP-ir neurons were labeled by incubating sections for 60 min with a solution that contained a goat anti-rabbit secondary antibody conjugated with Bodipy (1:200: Molecular Probes, Carlsbad, CA) and 0.5% Triton X-100 in PBS. Sections were then rinsed, mounted on gel-coated slides and coverslipped with DPX mounting medium (BDH Laboratory Supplies, Poole, England). Alternate sections from two rats were processed as indicated above, but the primary antibody was omitted for control.
Fluorescence microscopy-Labeled cells were visualized used epifluorescence microscopy. Photomicrographs were made using a Spot RT digital camera and the data acquisition software Metamorph. Adjustments were made to each micrograph for contrast, brightness and sharpness.
Behavioral Experiments
Three sets of behavioral experiments were done to address the research question. In the first set, carbachol or normal saline was microinjected into the LH using a dose previously determined to provide optimum antinociception in a lightly anesthetized acute preparation (Holden and Naleway, 2001; Holden et al., 2002; Holden et al., 2005) , and nociceptive responses were measured. In the second set of experiments, carbachol-induced antinociception was obtained, followed by microinjection of cobalt chloride, L-703,606, or normal saline for control into the RVM. In the third set of experiments, cobalt chloride, L-703,606, or normal saline was microinjected into the RVM in the absence of LH stimulation.
Analgesiometric testing procedures
To determine the effect of LH stimulation on thermal nociception, the tail flick and foot withdrawal tests were used. In these procedures, a focused beam of high intensity light from a 250-W projection bulb was directed at the dorsal surface of the rat's tail and the hairy surface of the hind feet. The tail and paws were blackened with ink to facilitate even heating of the skin surface. The time interval between the onset of skin heating and the withdrawal response was measured electronically. In the absence of a response, the skin heating was terminated after 8 s to prevent burning of the skin. Three response latencies were measured in succession at three places on the tail. The average of the three tail latency values was defined as the nociceptive response latency. For the foot withdrawal, a response latency was measured at one place on the hairy surface of each hind foot. Baseline response latencies of the paws and tail were approximately 2-3 s.
Experiment 1: Carbachol or saline microinjection in the LH
Each rat was lightly anesthetized with sodium pentobarbital 35 mg/kg, IP, and the scalp was infused with bupivacaine 0.25%; 0.10 ml, which provides local anesthetic relief for approximately 24 hr. Supplemental doses of pentobarbital were given during the procedure if the rats vocalized or moved without stimulation, but supplementation was rarely required. Immediately after anesthesia, the rats were immobilized in a stereotactic apparatus, and the midline scalp was shaved. Using aseptic technique, a 2-cm incision was made, and the muscle and fascia retracted. A 23-gauge stainless steel guide cannula was lowered into the region of the left LH through a burr hole to a location defined by the following stereotactic coordinates: −1.5 mm from bregma, lateral +1.7 mm, vertical +1.5 mm, incisor bar set at −2.5 mm. A 30-gauge stainless steel injection cannula was connected to a 10 µl syringe by a length of PE-10 polyethylene tubing filled with either saline or a solution of carbachol 125 nmol in normal saline injected in a volume of 0.5 µl; Sigma, St. Louis, MO. The injection cannula was then inserted into the guide cannula and extended approximately 3 mm beyond the end of the guide cannula. After a baseline latency measurement was taken and recorded, either saline or carbachol was injected into the LH over a 1-min period using an electronic syringe pump. The microinjector was left in place for an additional 60 s following completion of the microinjection to reduce flow of drug up the guide cannula. Response latencies were then measured at 5 min intervals for 35 min.
Experiment 2: Carbachol microinjection in the LH followed by microinjection of antagonists in the RVM Female Sprague-Dawley rats Charles River; 275-350 g were randomly assigned to groups and prepared for microinjection in the LH as described in the previous paragraph. In addition, a second guide cannula was lowered into the RVM at the following coordinates, with the tip angled 10° to bypass the venous sinus: AP +2.64 mm from the vertex angle, lateral 0 mm, vertical −1.9 mm incisor bar set at −2.5 mm. After a baseline response latency, carbachol 125 nmol in normal saline injected in a volume of 0.5 µl; Sigma was microinjected into the LH, and three response latencies were measured at five minutes apart. Twenty min after carbachol injection, cobalt chloride 100 nM/ 0.5 µl, L-703,606 5 µg in 0.5 µl or saline was microinjected using an electronic syringe pump in the manner described above. Response latencies were then measured every five min for 35 min. Additional controls were done in which saline, cobalt chloride or L-703,606, at doses described previously, was injected near the RVM of LH stimulation.
Experiment 3: RVM antagonists only
In the final set of experiments, female Sprague-Dawley rats Charles River; 275-350 g were lightly anesthetized as described, and prepared with cannula placement in the RVM, as in the preceding experiment. The rats in experiment 3 did not receive intracerebral microinjections. Following a baseline latency, cobalt chloride 100 nM/0.5 µl, L-703,606 5 µg in 0.5 µl or saline for control, was injected into the RVM at a rate of 5 µl/min using an electronic syringe pump. Response latencies were then taken every 5 min for 45 min.
Histology
Following testing, animals were overdosed with sodium pentobarbital and decapitated, and their brains were taken and drop fixed in a solution of 10% neutral-buffered formalin. To determine the position of the microinjection sites relative to the LH and the RVM, 40-µm transverse brain sections were cut from blocks of tissue that contained the visible injection cannula tract using a cryostat microtome. The sections were rinsed in cold phosphate-buffered saline PBS, 10 mM, mounted on gel-coated slides, stained with 0.05% neutral red, dehydrated through a series of alcohols and xylenes, and coverslipped. The placement of the microinjection cannula was determined by locating the most ventral position of the cannula tip in serial sections by brightfield microscopy. Tracings of the appropriate sections were then made using the Neurolucida imaging system Microbrightfield, Colchester, VT. The tracings were compared with drawings from the atlas of Paxinos and Watson Paxinos and Watson 1986 to verify that the cannula was within the LH or the RVM.
Statistical analysis
Each treatment group consisted of 5 or 6 rats. Tail flick and foot withdrawal latencies are presented as the mean ± S.E.M. Statistical comparisons among treatment groups across several time points were made using two-way repeated measures ANOVA, and comparisons among means at specific time points were made using the Bonferroni test for multiple post-hoc comparisons. Paired t-tests were used to compare withdrawal latencies for left and right feet. Foot withdrawal latencies were not significantly different between left and right paws for any experiment, so response latencies were averaged for clarity.
Fig. 1.
A photomicrograph (4X) of the FluoroGold injection site that resulted in retrograde labeling seen in Fig. 2 and Fig. 3 . The center of the injection, characterized by a compacted core, lies dorsal to the pyramid and includes both the nucleus raphe magnus and the nucleus reticularis gigantocellularis pars alpha. A halo of neurons surrounds the core and represents local neurons that have been labeled by the tracer. Scale bar = 500 µm; distance from bregma approximately −11.60 mm. 
